A novel microwave treatment of sewage sludge was developed as part of the ongoing studies for enhancing the recovery of phosphorus from municipal wastes. The microwave treatment provided a rapid and efficient process to release phosphate from sewage sludge. By using the microwave treatment for only 5 min, up to 76% of the total phosphate in the sludge could be released into the solution. No chemical additions were necessary in the microwave process. After the sewage sludge was microwave treated at a temperature of 100
Introduction
In recent years, much effort has been directed towards recovering phosphorus from wastewater. Sewage sludge contains considerable amounts of phosphorus that can potentially be recovered. Sludges from the enhanced biological phosphorus removal process (EBPR) have higher phosphorus concentrations (up to 12%) than those of the activated sludge systems (2% to 3%). It has been reported that as much as 80% of phosphate contained in the EBPR sludge can be released back to the supernatant by various processes (Liao et al. 2003; Mavinic et al. 1998 Mavinic et al. , 1995 Ray et al. 1990 ).
Phosphorus recovery from wastewater by crystallization processes has been developed and implemented in Japan and The Netherlands (Woods et al. 1999; Stratful et al. 1999) . Calcium 1 Corresponding author (e-mail: kvlo@interchange.ubc.ca).
phosphate and magnesium ammonium phosphate (struvite) are end products commonly recovered from the processes. Calcium phosphate is the same chemical as that in mined phosphate ore, and is readily recycled in the phosphate industries. Struvite is an excellent plant fertilizer, because of its slow release properties (Bridger et al. 1962 ) and can be used directly.
To recover phosphorus from sewage sludge via crystallization, it is necessary to undertake a P-solubilization process to release phosphate to the supernatant. Many P-solubilization processes have been developed (Liao et al. 2003; Mavinic et al. 1998 Mavinic et al. , 1995 Ray et al. 1990 ). However, those processes required either additions of chemicals to initiate reactions or needed a long period to complete the reaction. In search of a rapid, efficient P-solubilization process, the exploratory experiments using microwave technology were therefore conducted.
The objective of this study was to investigate a rapid microwave process for releasing phosphorus from sewage sludge for phosphate recovery. Microwave processes have been used for various applications such as drying, pasteurization, and sterilization in the food industry. The main advantages of microwave heating are the uniformity of heating and the precise control of the process temperature. A uniform microwave field generates energy through the realignment of dipoles with oscillating electric fields to generate heat both internally and at the surface of the treated material. This energy is dissipated as heat and depends on the microwave frequency, the dielectric loss factor, and the electrical field strength within the material (Datta et al. 1994 ). Microwave heating is advantageous over conventional heating by conduction because the heating process can be precisely controlled by instantaneous switching on or off the microwave generator, and also because heat generation within the material is uniform. This technical note reports the findings of a preliminary study using a novel microwave process for phosphorus release in sludge treatment.
Material and methods

Apparatus
The microwave oven of a digestion station (Ethos Digestion Labstation 5000, Milestone) with a maximum output of 1000 W was used for this study. The system has dual independent magnetrons with a rotating microwave diffuser for homogeneous microwave distribution. A microwave frequency of 2450 MHz is used. The system has the capacity of up to 12 vessels (100 mL) for each run with operating pressures up to 30 bar (435 psig; 1 bar = 100 kPa). It has an automatic temperature control device for direct monitoring of the temperature in each vessel. The programmable control system allows the reaction temperature and pressure to be set at the desirable settings within limits over a selected testing period.
Experimental design
The EBPR sludges used in this investigation were obtained from a wastewater treatment pilot plant located on the campus of the University of British Columbia (UBC) and the Wastewater Treatment Facility at Penticton, British Columbia. The chemical characterizations of the sludges are presented in Table 1 .
Four sets of experiments on phosphate release were conducted in this study. In each set, the sludge (30 mL) was subjected to microwave treatment at three temperatures (60 • C, 100 • C, and 170 • C). The duration of each treatment was 5 min. The sludge that was not subjected to the microwave treatment served as a control for each set. Replicates (2 or 4) were performed for each run.
Sludges for sets 1 and 2 were from the UBC pilot plant. These samples were taken fresh from the source before each run, except for the runs at 170 • C in set 1. The sludge used for the runs at 170 • C was from the same batch as for runs at 60 • C and 100 • C, but was stored in the laboratory at room temperature for 1 d. As a result, the anaerobic condition allowed phosphate release from the sludge, hence the higher starting phosphate concentration was observed ( Table 2 ). The sludges used in sets 3 and 4 were taken from Penticton, British Columbia, and due to the shipment time from site to the laboratory, the time elapsed before their use for test runs was about 3 d.
Sampling and analysis
Sampling was carried out immediately before and after the microwave treatment, and also 24 h after the treatment. The mixed liquors were centrifuged at 3500 rpm for 10 min. The resulting supernatants were filtered using Whatman No. 4 filter papers and analyzed immediately. Samples for trace metal analysis were acidified (to pH 1) with nitric acid. Analyses of samples were carried out according to the procedures described in Standard Methods (APHA 1995) . Both PO 4 -P and NH 3 -N were analyzed using flow injection analysis (Lachat QuikChem TM 8000 Automated Ion Analyzer). Metals were analyzed using an inductively couple plasma-optical emission spectrometry (ICP-OES) method (Varian Inc. Liberty 100/200 ICP-OES Spectrophotometer).
Results and discussion
The results from sets 1 and 2 showed the effects of phosphate release after 24 h; the phosphate concentrations increased from 5.2 to 15.7 and 9.7 to 22.9 mg/L, respectively. This indicated that microorganisms remained active and nutrients were also available in fresh EBPR sludges, since both carbon source and active microorganisms were required for the biological phosphorus release process (Stratful et al. 1999) .
The sludges used in sets 3 and 4 were taken from Penticton, British Columbia, and had been stored for 3 d at ambient temperature. As can be seen for the controls, phosphate levels remained constant after 24 h indicating that there was either exhaustion of nutrients or no active microbial activities occurring in the solution.
It was quite clear that for the microwave treatment, phosphate was rapidly released (within 1 h) into the solution regardless of the temperature settings applied in the process (Table 2) . For all runs with temperature settings over 100 • C, phosphate concentrations in the solutions remained fairly constant over a period of 24 h. This implied that there were no biological activities in the sludge solution. Under the conventional heat treatment, parasitic ova and cysts in the sludge would be inactivated at 70 • C for 30 min (USEPA 1979) . When a higher temperature was used for pasteurization, the required time period for destroying pathogens would be greatly reduced. All pathogens could be destroyed in 5 min when sludge was under a higher temperature at 91 • C (USEPA 1979). The microwave treatment at 100 • C for 5 min in this study could also possibly destroy most of the pathogens. It has been known that microwave technologies are used for pasteurization and sterilizing in the food industry; they could also be adopted for the purpose of sludge pasteurization.
In sets 1 and 2, sludges were treated with microwaves at 60 • C and some of the active bacterial cells and difficult-to-degrade organic compounds could have been destroyed. The destroyed bacterial cells would have released their contents, which would then became available for consumption by other remaining active species. In the meantime, the organic substances broken down into smaller readily biodegradable fractions could also be utilized by active species. As a result, an increase of phosphate concentration in solution was observed after 24 h. As can be seen in Table 2 , after the microwave treatment at 60 • C, the phosphate concentration showed a significant increase between 1 and 24 h from 18.2 to 32.8 and 27.9 to 46.9 mg/L, respectively, for sets 1 and 2. In both sets, the rapid release of phosphate was obvious, within 1 h the concentration increased from 5.2 to 18.2, and 9.7 to 27.9 mg/L, respectively. In comparison to the controls, the phosphate concentration in the solution was more than doubled after 24 h ( Table 2) . The results from sets 1 and 2 clearly indicated that the microwave process at 60 • C did not completely destroy active microorganisms when the fresh sludges were used. In general, higher phosphorous concentrations were obtained when high temperatures were applied to the sludges. However, there was no clear trend on release efficiency in the microwave treatments at 100 • C and 170 • C. For sets 3 and 4, a fairly constant initial phosphate concentration in the range of 35-36.3 in all runs represented the result of phosphate release during the 3-d storage, including transportation of the sludges from Penticton, British Columbia, to UBC, and in the laboratory. No biological activities were observed in either the control or experiments operated at 60 • C, 100 • C, and 170 • C. In the case of the control runs, phosphate concentration remained constant over the 24-h period, indicating that all phosphate that could be released was released during the storage period. In all runs at 60 • C, 100 • C, and 170 • C, the rapid release of phosphate within 1 h was again observed in sets 3 and 4. However, the effects of temperature on the phosphorous release were not very pronounced. The phosphorous concentrations were very similar, regardless of applied temperatures in the microwave process. Since heating sludge will result in (2) 200 (2) 215 (2) 24 99.6 148 (2) 121 (2) 193 (2) Note: Number of replicates in parentheses.
cell destruction and the release of soluble organic compounds, supernatant from the heat treatment unit is usually high in BOD (Metcalf and Eddy 2003) . Garelli et al. (1992) , in their study of sludge conditioning, reported that sludge treated with heat up to 60 • C would result in an increase of BOD in the solution.
The results obtained from this study also demonstrated that microwave process could be used for sludge conditioning when operated at 60 • C and stabilization when operated at higher than 60 • C. Considering the phosphate release in set 4 under all temperature settings, an average of 76% of the total phosphate (TP) could be released into the solution (Tables 1 and 2 ). The TP released into the solution had a range of 24-27% for set 3, which contained a very high TS concentration. The solution containing less TS concentration appeared to have some advantages in the microwave treatment process as it gave a higher rate of phosphate release. It has been known that both the material and the TS concentration in the solution are factors that can affect the microwave heat transfer efficiency. Therefore the rate of phosphate release would be expected to be very different (Datta et al. 1994 ). More work is needed to further explore the optimal conditions of microwave process of sludge for phosphate release.
The changes in ammonia concentration are presented in Table 3. Similar to the phosphate profiles, ammonia concentrations increased significantly in all of the microwave treatments, regardless of operational temperatures. Increases of magnesium and potassium concentrations into the solution would be very useful for subsequent crystallization process. Magnesium and potassium are essential elements for struvite or K-struvite crystal formations. This could result in cost savings from Mg or K additions. Magnesium and potassium results are therefore presented in Tables 4 and 5 . The soluble Mg and K both increased after the microwave treatment for sets 1 and 2. While magnesium concentrations remained at the same levels for sets 3 and 4, no significant amount of magnesium was released into the solution. The release patterns of potassium ions for sets 3 and 4 were not very clear from the data obtained; potassium increased significantly in set 3, but no changes were observed for set 4. It should be pointed out that sludges used for sets 3 and 4 were from the Penticton Plant. For set 4, sludge was obtained subsequent to process subjecting to polymer treatment, therefore, total solid concentration was much less than that of set 3. The results from this study indicated that the release of cations such as Mg and K into solution depended on not only on solid concentration but also specifics of sludges used in the microwave treatment.
For sets 3 and 4, less magnesium concentration was obtained in the runs at 170 • C, magnesium concentrations also significantly decreased after 24 h in the controls and the runs at 60 • C. Phosphate and ammonia concentration remained very constant; struvite formation could be excluded in these cases. No explanation can be given at this time; further studies are being carried out.
The results from this preliminary study indicated that microwave technology could be used for the conditioning and stabilization of sludge. It could be an efficient process to release phosphate from sewage sludge for subsequent crystallization process. Since the microwave process is dictated by several factors such as the dielectric loss factor, the temperature in the microwave treatment process, and the length of time in which microwave heating is applied, more studies on these factors are underway to explore the optimal conditions for phosphate release from sludge. 
Conclusions
The treatment process using microwave technology could facilitate a release of phosphate from sewage sludge. The process could be completed within 5 min. No chemical additions were necessary in this process. The process was superior over any traditional treatment methods reported in the literature.
(1) Up to 76% of TP could be released with only a 5 min microwave process. Ammonia was released together with phosphate. In the microwave process, operating temperature and heating period would decide the degree of phosphorus solubilization from sewage sludge.
(2) When sludge was subjected to microwave treatment at 60 • C for a period of 5 min, some of the microorganisms remained active.
(3) Sludge could also be stabilized in a microwave process by operating at temperatures above 100 • C. No microorganism activities were observed.
